We analyze the state of gas embedded in different parts of the Cosmic Web using the Il-lustrisTNG simulations. We focus on the mass and volume fractions of baryons in different phases in knots, filaments, sheets and voids in the Cosmic Web from redshift z = 8 to redshift z = 0. We characterise the density-temperature distribution of different phases and inspect their metallicity, finding evidence for early metal enrichment in the Intracluster Medium (ICM) of clusters already at z = 4. Not only we find that filaments host more star-forming gas than knots, but that filaments also have a higher relative mass fraction of gas in this phase than knots. In agreement with previous predictions, we show that the cool, diffuse Intergalactic Medium (IGM; T < 10 5 K, n H < 10 −4 cm −3 ) and the Warm-Hot Intergalactic Medium (WHIM; 10 5 K < T < 10 7 K, n H < 10 −4 cm −3 ) constitute ∼ 38% and ∼ 47% of the baryons at redshift z = 0, respectively. Our results indicate that the WHIM can indeed constitute the largest reservoir of missing baryons at redshift z = 0. Using our Cosmic Web classification, we predict the WHIM to be the dominant baryon mass contribution in filaments and knots at redshift z = 0, but not in sheets and voids where the cool, diffuse IGM dominates. We also characterise the evolution of WHIM and IGM from redshift z = 4 to redshift z = 0, and find that the mass fraction of WHIM in filaments and knots evolves only by a factor ∼ 2 from redshift z = 0 to z = 1, but declines faster at higher redshift. The WHIM only occupies 5 − 13% of the volume at redshift 0 z 1. We predict the existence of a significant number of currently undetected OVII and NeIX absorption systems in cosmic filaments which could be detected by future X-ray telescopes like ATHENA.
INTRODUCTION
The large scale structure of the observable Universe is organised in a web-like structure that is often referred to as Cosmic Web. The basic properties of the Cosmic Web can be predicted by relatively simple theories like the Zel'dovich approximation (White 2014 ), E-mail: davide.martizzi@nbi.ku.dk whereas many aspects of its structure are predicted in exquisite detail by cosmological N-body simulations that follow the evolution of dark matter dynamics in cosmological volumes (Bond et al. 1996; Schmalzing et al. 1999; Furlanetto et al. 2003; Rauch et al. 2005; Aragón-Calvo et al. 2007; Hahn et al. 2007; Forero-Romero et al. 2009 ).
The Cosmic Web is organised in a hierarchy of interconnected structures formed via gravitational instability in the ex-gas densities ρ 50ρcrit and temperatures 10 5 K < T < 10 7 K (Cen & Ostriker 1999; Davé et al. 1999; Cen et al. 2001; Davé et al. 2001; Kang et al. 2005; Cen & Ostriker 2006; Davé & Oppenheimer 2007; Davé et al. 2010; Tornatore et al. 2010; Smith et al. 2011; Gheller et al. 2016; Haider et al. 2016) ; such a phase is usually denominated Warm-Hot Intergalactic Medium (WHIM). Based on these results from simulations, a variety of methods to directly detect the missing baryons has been proposed in the literature, e.g., via future radio surveys (Araya-Melo et al. 2012; Vazza et al. 2016; Horii et al. 2017; Cui et al. 2018) , UV spectroscopy (Oppenheimer & Davé 2009; Bertone et al. 2010; Tepper-García et al. 2011; Nelson et al. 2018a ) and X-ray spectroscopy (Phillips et al. 2001; Yoshikawa et al. 2003; Viel et al. 2005; Branchini et al. 2009; Takei et al. 2011; Kaastra et al. 2013) .
Observational results show that UV OVI absorption lines from the WHIM can only trace a small fraction of the total baryon budget (Danforth & Shull 2008; Prochaska et al. 2011) . Statistically significant direct detection of WHIM in filaments using X-ray spectroscopy has been proven to be challenging (Nicastro et al. 2005; Kaastra et al. 2006; Rasmussen et al. 2007; Nicastro et al. 2008; Zappacosta et al. 2010 ), but has recently proven to be fruitful Nicastro et al. (2018) . Recent work has shown that it is possible to successfully identify baryonic filaments at redshift z < 0.5 by stacking Lyman-α emission (Gallego et al. 2018) or the thermal Sunyaev-Zel'dovich signal (de Graaff et al. 2017; Tanimura et al. 2017 ) from multiple filaments. HST/COS has also been successfully used to detect warm-hot gas associated with galaxy cluster pairs which has been interpreted as a promising route to detect the WHIM (Tejos et al. 2016) .
Despite the progress, the bulk of the missing baryons is still extremely hard to detect and an analysis of the baryonic matter distribution in the Cosmic Web at low redshift has yet to be performed. The advent of the next generation of X-ray and radio telescopes may provide the tools to make significant breakthroughs in the quest for reconstructing the baryonic Cosmic Web (see Kaastra et al. 2013; Horii et al. 2017; Cui et al. 2018; Vazza et al. 2016) . For this reason, providing solid predictions for the baryonic phases in the Cosmic Web at low redshift is very important to develop new observational strategies for future experiments. Furthermore, linking the physical state of baryons to their location in the Cosmic Web will allow us to make predictions relevant for available and upcoming infrared, optical and UV surveys. This paper is the first of a series focusing on the properties of baryons in the Cosmic Web. Here, we analyze the cosmological, hydrodynamical IllustrisTNG simulations and combine a detailed classification of cosmic structures with a characterization of different gas phases. We first identify cosmic structures, knots, filaments, sheets, and voids in the simulations, then classify the phases of baryonic gas residing within them. Such a characterization will be useful in future work to develop strategies to observe and measure properties of the baryonic Cosmic Web and its impact on galaxy evolution using the next generation of instruments (see e.g. Kraljic et al. 2018 ). Furthermore, IllustrisTNG is a suite of state-of-theart cosmological, hydrodynamical simulations with significant improvements with respect to previous numerical work. Our analysis allows us to update and extend the results from previous authors that used simulations with lower resolution and earlier versions of popular numerical schemes and sub-resolution models. los has also been discussed in the literature (e.g. Bregman 2007 ). The latter is not the subject of our paper. The paper is organised as follows: Section 2 provides an overview of the simulations and the analysis methods; Section 3 shows our main results; Section 4 discusses our results in the context of previous simulations and observations; Section 5 is dedicated to summary and conclusions.
METHODS
The purpose of this Section is to give an overview of the simulations we analyse (Subsection 2.1), of the Cosmic Web classification method we use (Subsection 2.2), of the conventions we adopt to define the phases of baryonic matter in the universe (Subsection 2.3), and of the criteria used to compute the column densities of several ions (Subsection 2.4).
IllustrisTNG
Our results are based on the analysis of the TNG100 cosmological, hydrodynamical simulations (Springel et al. 2018; Marinacci et al. 2017; Naiman et al. 2018; Pillepich et al. 2018a,b; Nelson et al. 2018b) which are an updated version of the Illustris simulations (Vogelsberger et al. 2013; Torrey et al. 2014; Vogelsberger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015) . The Il-lustrisTNG model for galaxy formation (Weinberger et al. 2018; Pillepich et al. 2018a ) includes prescriptions for star formation, stellar evolution, chemical enrichment, primordial and metal-line cooling of the gas, stellar feedback with galactic outflows, black hole formation, growth and multimode feedback. The main differences between IllustrisTNG and Illustris are: (I) a new implementation of galactic winds, of which directionality, velocity, thermal content and energy scalings have been modified, (II) a new implementation of black-hole-driven kinetic feedback at low accretion rates, (III) and the inclusion of magnetohydrodynamics. Gas phase metal abundances in IllustrisTNG have been studied in Vogelsberger et al. (2018) , Nelson et al. (2018a) , Torrey et al. (2017) , Torrey et al. (2018) , Gupta et al. (2018) .
In this paper, we use snapshots from the TNG100 simulations at redshift 0 z 8. This simulation adopts a cubic box of length 75 cMpc/h with periodic boundary conditions, assumes cosmological parameters from the Planck Collaboration et al. (2016) , and follows the evolution of dark matter and baryons starting with 1820 3 dark matter particles and 1820 3 hydro cells. The dark matter particle mass is m dm = 7.46 × 10 6 M , whereas the initial baryonic mass particle is m bar = 1.39 × 10 6 M . The spatial resolution is ∼ 1 kpc/h. Since part of the results shown in this paper are related to the properties of the low density IGM, we correct for a small numerical error in the IllustrisTNG simulations which influences the value of the thermal energy in the lowest density regions. This feature is due to a code regression inadvertendly introduced in an update of the velocity gradient computation, causing the Hubble flow across a fluid cell to be incorrectly taken into account in IllustrisTNG. As a result, some spurious numerical dissipation in expanding gas can arise, an effect that is only noticeable in cool gas of low density, where the cell sizes are comparatively large.
We have verified that this error only influences the thermal energy of gas at density nH < 10 −6 cm −3 and for temperatures T < 10 5 K, and that it does not affect any other results of the simulation. Most of the gas in this phase should have a temperature governed by an effective equation of state of the IGM, T adi ∝ n ( H γ − 1), where the value of the index γ arises due to simultaneous adiabatic cooling and photoheating. As the code error can cause a spurious overestimate of the temperature at the lowest densities with respect to the expected power-law relation, we apply a correction to the temperature in our analysis:
where Tcorr is the corrected temperature, T code is the temperature provided by the code, and ∆T is the temperature correction. The latter is estimated as:
where T code is the temperature computed by the code, and TIGM ∝ n γ1 H is the temperature expected from the IGM equation of state through fitting it to higher density gas. We apply the temperature correction âĹĘT to all the gas at density nH < 10 −6 cm −3 and temperature T code < 10 5 K, which allows us to recover the temperature of this adiabatically expanding gas.
Cosmic Web Classification
A number of different classification schemes with different levels of sophistication have been proposed in the literature to analyse the Cosmic Web (Aragón-Calvo et al. 2007; Hahn et al. 2007; Sousbie et al. 2009; Forero-Romero et al. 2009; Aragón-Calvo et al. 2010; Hoffman et al. 2012; Cautun et al. 2013; Leclercq et al. 2015; Chen et al. 2016; Fisher et al. 2016; Hong et al. 2016; Shandarin & Medvedev 2017; Pomarède et al. 2017; Feldbrugge et al. 2018; Zhu & Feng 2017; Libeskind et al. 2018; Cui et al. 2018) . For this paper we choose to implement our own version of the method as developed by Forero-Romero et al. (2009) which classifies the Cosmic Web using the deformation tensor and is based on results from the analysis of the growth of the large scale structure using the Zel'dovich approximation.
We briefly summarise the Cosmic Web classification method. We first interpolate the mass of each particle in IllustrisTNG to a Cartesian grid using a Cloud-In-Cell method to estimate the mass overdensity field in each cell, δ(x):
where ρ(x) is the matter density at position x andρ is the mean matter density. We consider overdensity fields with Gaussian smoothing on scales RG = 2 and 4 cMpc/h. We classify each cell of the Cartesian grid as belonging to a knot, sheet, filament or void depending on the local eigenvalues of the deformation tensor Ψ, the Hessian of the gravitational potential φ: Ψij(x) = ∂i∂jφ(x). Fast Fourier Transform (FFT) methods are used to compute the components of the deformation tensor at each point of the grid, using a method inspired by Hahn et al. (2007) and Forero-Romero et al. (2009) . The gravitational potential is related to the overdensity field via Poisson's equation
By taking the FFT of the overdensity field δ(x), we can compute the Fourier transform of the deformation tensor components as
which has been expressed in units where 4πGρ = 1, i.e. when the density unit ρunit is set in such a way thatρ = ρunit/(4πG). By performing the inverse FFT of Ψ ij,k for each i, j, we obtain the components of the deformation tensor at each point in space Middle: dark matter density field smoothed with Gaussian kernel of radius R G = 4 cMpc/h in the same slice. Right: classification of the Cosmic Web in the same slices performed using our method with a Cartesian grid of size 512 3 and Gaussian smoothing on a scale R G = 4cMpc/h; voids, sheets, filaments and knots are represented by progressively brighter shades of gray. Cosmic Web classes are defined by the eigenvalues of the deformation tensor: knots, filaments, sheets and voids have 3, 2, 1, 0 eigenvalues larger than λ th = 0.07 (see Subsection 2.2), respectively. The Cosmic Web classification shown in the bottom panels is the average of the classification field along the line of sight for each pixel of the map computed only for cells in the thin slice we are considering. The algorithm yields satisfactory performance and ∼1% precision in the determination of mass and volume fractions of each Cosmic Web component.
Ψij(x). For each position x on the Cartesian grid, we compute the eigenvalues of Ψ(x), λ1(x), λ2(x), λ3(x) which are the solution of the following equation:
where I is the identity matrix. Classification is performed by counting the number of eigenvalues exceeding a threshold λ th : voids have all eigenvalues < λ th ; sheets have one eigenvalue λ th ; filaments have two eigenvalues λ th ; knots have three eigenvalues λ th . The threshold λ th is a free parameter and its value needs to be adjusted for different smoothing scales. We set λ th = 0.07 as in Lee & White (2016) , in such a way that voids occupy a volume fraction f void ∼ 0.20 at redshift z = 0 for all the smoothing scales we consider. Figure 1 shows a visual comparison of density maps from the simulations and the result of the Cosmic Web classification algorithm at redshifts z = 0, 0.5, 1, 2, 4. Figure 1 qualitatively highlights the success of the classification algorithm at reconstructing the overall structure of the Cosmic Web at multiple redshifts.
We also perform extensive quantitative tests of the classification scheme. We vary the resolution of the Cartesian grid between 256 3 , 512 3 , 1024 3 to assess the convergence of the algorithm as resolution is increased. We find that for grid sizes 512 3 the mass and volume fractions of the different cosmic structures measured by the classification scheme do not vary more than ∼ 1% as the resolution is further increased. We also vary the Gaussian smoothing scale and we do not find significant variations in the mass and volume fractions we measure. The results of our tests are in excellent agreement with the tests of the same method performed by Forero-Romero et al. (2009) . See Appendix A for details on our tests. Our fiducial parameters for the classification method are smoothing scale RG = 4 cMpc/h and a Cartesian grid size 512 3 .
Gas phases
After the Cosmic Web classification has been performed, we group the baryonic particles in IllustrisTNG into several phases which have different observational properties. We compute mass and volume fractions of each of the following gas phases:
• Star-forming Gas: number density nH > 0.13 cm −3 , temperature T < 10 7 K and star formation rate SFR > 0. Gas with nH > 0.13 cm −3 is identified as star-forming in the IllustrisTNG model, but we place an additional temperature cut in post-processing. The star formation rate cut selects only gas that is effectively forming stars.
• Halo Gas: number density 10 −4 cm −3 < nH < 0.13 cm −3 and temperature T < 10 5 K. This phase contains 'cool' gas associated with the ISM of galaxies and with the CGM observed in the halos of galaxies. Since both types of gas are found inside or in the proximity of galaxies, and they have similar temperature and densities, we group them together.
• Diffuse IGM: number density nH < 10 −4 cm −3 and temperature T < 10 5 K. The number density cutoff corresponds to regions of gas density ρ < 25ρcrit, where ρcrit is the critical density. The density cutoff selects gas at small to mild overdensities, effectively capturing the typical range associated with intergalactic gas. This combination of density and temperature cutoffs selects the phase of the IGM in which hydrogen can be either neutral or ionized, but helium and heavier elements are not completely ionized.
• WHIM: number density nH < 10 −4 cm −3 and temperature Star-forming Gas 1.3 × 10 −2 1.8 × 10 −7 Halo Gas 1.5 × 10 −1 2.1 × 10 −3 Diffuse IGM 6.5 × 10 −1 9.8 × 10 −1 WHIM 7.5 × 10 −2 1.9 × 10 −2 WCGM 1.1 × 10 −1 1.8 × 10 −3 HM 2.4 × 10 −3 7.9 × 10 −5
Star-forming Gas 8.0 × 10 −3 5.5 × 10 −7 Halo Gas 3.3 × 10 −1 2.5 × 10 −2 Diffuse IGM 6.2 × 10 −1 9.6 × 10 −1 WHIM 1.6 × 10 −2 9.7 × 10 −3 WCGM 3.3 × 10 −2 2.3 × 10 −3 HM 3.6 × 10 −5 3.0 × 10 −7 Table 1 . Mass and volume fractions of all gaseous phases of baryonic matter, f gas,M and f gas,V , respectively. The mass fractions are normalised with respect to the total gas mass. Volume fraction are computed with respect to the total volume. Results are reported for redshifts z = 0, 1, 2, 4 and are achieved by integrating over all regions of the Cosmic Web, so the values do not depend on the classification algorithm.
10 5 K < T < 10 7 K. This phase has the same characteristic density of the Diffuse IGM, ρ < 25ρcrit, but the temperature cutoff is such that gas can contain a significant abundance of ionized helium and heavier elements.
• WCGM: number density 10 −4 cm −3 < nH < 0.13 cm −3 and temperature 10 5 K < T < 10 7 K. This gas exists at temperatures comparable to the WHIM, but is located in regions with higher overdensity ρ > 25ρcrit. Dense gas in this temperature range is more efficiently created by shock heating and feedback processes near galaxies. For this reason, we expect the cutoffs to select gas in the warm CGM of galaxies and galaxy groups, hence the 'WCGM' label.
• Hot Medium (HM): any number density nH and temperature T > 10 7 K. The cutoffs selects gas with temperature larger than the virial temperature of massive galaxy clusters (Mvir 10 14 M ). For this reason, the cutoffs are selecting gas that has been shock heated to these high temperatures in (and near) the most massive dark matter halos in the universe.
These baryonic phases will be referenced multiple times in the text below. In particular, we will provide mass and volume fractions of each phase in different regions of the Cosmic Web, which will facilitate comparison to results from other cosmological simulations and to measurements of the abundances from observations (e.g. Fukugita et al. 1998 ). Haider et al. (2016) performed a similar study of baryonic phases using the original Illustris simulation, but their definitions do not distinguish between non-star-forming and star-forming gas, and between WHIM and WCGM. We find that this distinction is important because these two phases have different evolution with redshift (Section 3). We discuss the differences between our definitions and the ones used by Haider et al. (2016) in Section 4.
Ion Densities
With the goal of comparing to observations, we analyse Illus-trisTNG to measure the contribution to the column densities of OVII and NeIX from different regions of the Cosmic Web. To achieve this goal, we use the cloud-in-cell mass assignment scheme to compute the number density of each ion in the cells of a 512 3 mesh identical to that used for the Cosmic Web classification, which allows us to perform a joint analysis of the ionization state and of the location in the Cosmic Web. We perform ionization modeling generating ionization tables that depend on density, temperature and metallicity with the CLOUDY code (Ferland et al. 2013) assuming the UV background of Faucher-Giguère et al. (2009). For each gas particle, we use the local density, temperature and metallicity to retrieve the appropriate ionization state from the CLOUDY tables, which is then used to compute the ion density. We use 8 equally spaced logarithmic bins for the density in the range −8 log(nH/cm −3 ) 4, 14 equally spaced logarithmic bins for the temperature in the range 2 log(T /K) 9, and 20 equally spaced metallicity bins in the range −4 log(Z/Z ) 1. Our procedure is similar to that used by Nelson et al. (2018a) , but they use finer spacing in density and temperature, and coarser spacing in metallicity. Since we focus on absorption lines from the low density IGM, we do not include self-shielding of high density gas. We note that gas phase metal abundances, especially in low temperature or warm regions, can be reduced due to dust condensation (McKinnon et al. 2016 (McKinnon et al. , 2017 , which we do not model here.
RESULTS
We focus our analysis on the redshift range 0 z 8 which covers both the search for the missing baryons (0 z 1) and the redshift evolution of the baryons. Before discussing the details of our joint analysis of cosmic structures and baryonic phases, we report the total mass and volume fraction of all the considered baryonic phases at redshift z = 0, 1, 2, 4 ( Table 1 ). The mass fractions are normalised with respect to the total gas mass throughout the whole Section. The same convention was used by Torrey et al. (2017) in their independent analysis of gas phases and metallicities in Illus-trisTNG.
At redshift z = 0 Star-forming Gas and Halo Gas always constitute a small fraction of the total baryon budget (fgas,M < 5 × 10 −2 ) and occupy a small volume, since this phase is only found in galaxies. The total contribution from the WCGM is only a ∼ 3% of the total baryon budget and its volume fraction is ∼ 4 × 10 −5 . HM constitutes ∼ 7.5% of the total baryon budget at redshift z = 0, but it only occupies ∼ 0.1% of the total volume. Indubitably, the two dominant components of the baryonic Cosmic Web at redshift z = 0 are the Diffuse IGM and the WHIM, which constitute ∼ 38% and ∼ 47% of the baryonic mass at redshift z = 0, respectively, and occupy most of the volume.
The mass fraction of HM decreases by a factor ∼ 4 from redshift z = 0 to redshift z = 1 and by a factor ∼ 400 from redshift z = 1 to z = 4, as a result of the lower abundance of massive halos able to shock heat gas to high temperatures at higher redshift. WCGM increases out to redshift z = 1, but declines dramatically at redshift z > 1. The WHIM mass/volume fraction decreases by a factor ∼ 2 from redshift z = 0 to redshift z = 1, whereas the Diffuse IGM mass fraction increases. The abundance of the WHIM decreases by a factor ∼ 10 from z = 1 to z = 4, whereas the abundance of Diffuse IGM keeps increasing with redshift. These results suggest that the WHIM should be a significant fraction of the baryon budget even at redshift z = 1, but not at higher redshift where most of the baryonic mass (and volume) in the Cosmic Web is represented by Diffuse IGM. Table 1 show how much baryonic mass is present in each phase at each redshift, but it does not tell where each phase lies in the Cosmic Web. Details of the evolution of baryonic phases in each class of cosmic structure will be discussed in the next Subsections.
Mass and Volume Fractions of Cosmic Structures
Before re-analysing baryonic phases, we first focus on the total (dark and baryonic) mass budget in the Cosmic Web. Figure 2 shows the evolution of the mass and volume fractions of knots, filaments, sheets and voids in the redshift range 0 z 8. Numerical values for these fractions are summarized in Table 2 for redshift z = 0, 1, 2, 4. Figure 2 shows that filaments and sheets dominate the cosmic budget of all matter at all redshifts, both in terms of mass and volume fractions. Knots accumulate more mass at redshift z < 0.5 where increasingly massive dark matter halos form, but their volume fraction does not significantly evolve at redshift z < 1. The increase of mass in knots is matched by a decrease in mass in sheets over the whole redshift range 0 z 8. However, the mass and volume fractions of filament and voids do not show a significant evolution in the redshift range 0 z 1, with noticeable evolution only at z > 1.
To assess the robustness of our Cosmic Web classification method, we compare it to an alternative method similar to the one used by Haider et al. (2016) to analyse the original Illustris simulations, that will also be used in Artale et al. (in prep.) . This method uses the local dark matter density estimated as the standard cubicspline SPH kernel over all the dark matter particles within a certain radius. In this alternative method, knots are defined as those regions where the local dark matter density is higher than 57ρcrit. Filaments and sheets are defined as the regions with local dark matter density between 0.1 − 57ρcrit. Finally, voids are defined as regions with local dark matter density lower than 0.1ρcrit. The biggest difference of this method with respect to our fiducial one based on the deformation tensor is that the density field used to detect cosmic structure is not smoothed, i.e. it is susceptible to small scale fluctuations. Figure 3 highlights differences between the two methods. At redshift z > 4 the density cut method yields solutions that are very different from the deformation tensor method. At redshift z > 4, the typical density is ρ dm ∼ Ωmρcrit > 0.1ρcrit and Figure 2 . Left: evolution of the total (dark matter + baryonic) mass fraction of different cosmic structures with respect to the total dark matter and baryonic mass in the simulated volume from redshift z = 8 to redshift z = 0. Right: evolution of the volume fractions of different cosmic structures with respect to the total simulated volume from z = 8 to redshift z = 0. Most of the mass in the universe is in knots, filaments and sheets. Most of the volume is occupied by sheets, filaments and voids. Knots evolve dramatically from high to low redshift, sheets and voids evolve weakly, and filaments do not show significant evolution. density fluctuations are small. Therefore, in the method using local density cuts, most material will be assigned to filaments, sheets and knots. This effect is not present for the deformation tensor method which uses derivatives of the density field (contained in the deformation tensor; equations 1, 2 and 3), rather than the face value of the density field. At redshift z < 4 the discrepancy between the two methods is alleviated and the mass fractions of baryons and dark matter of different cosmic structures with respect to the total mass exhibit similar trends. However, the exact values of these mass fractions depend for redshift z < 4 on the smoothing of the density field. In particular, choosing a smaller smoothing length for the deformation tensor method produces results more similar to the local density cut method. The structures that are more susceptible to variation of the smoothing length are voids. The differences can be explained by considering that the method using local density cuts is based on a density field smoothed with the local SPH kernel whose width is much smaller than the smoothing scales we adopt in the deformation tensor method. As the smoothing scale is decreased, the deformation tensor method will converge to the same solution as the local density cut method.
As shown by Libeskind et al. (2018) , the exact values of the mass and volume fractions assigned to each cosmic structure depend on the classification method adopted for the task. We find that the differences in the mass fractions measured by the two methods that we consider in this subsection are not larger than the spread of the same quantities measured by the twelve algorithms used by Libeskind et al. (2018) . Forero-Romero et al. (2009) used the deformation tensor method on dark matter only simulations. For the same classification threshold λ th and smoothing length RG (see Subsection 2.2), comparison to Forero-Romero et al. (2009) indicates that the mass fraction of knots at redshift z = 0 in Illus-trisTNG is higher by a factor ∼ 2 with respect to that in dark matter only simulations. On the other hand, the mass fraction of knots in IllustrisTNG is smaller than in the dark matter simulations of 2009), because they do not include baryons and assume different cosmological parameters from WMAP3, whereas we include baryons and assume Planck 2015 parameters, we conclude that their results are in qualitative agreement with ours. Zhu & Feng (2017) show the evolution of mass and volume fractions of the four cosmic structures identified with the same method, but with higher classification threshold λ th 0.1. They also assume a different set of cosmological parameter (WMAP5), but also include baryons. The different choice of λ th influences the exact values of the mass and volume fractions of each structure, but the trends with redshift vary more weakly as a function of λ th . The weak redshift evolution of the volume fractions of sheets, filaments and voids shown by Zhu & Feng (2017) is in good agreement with our findings. The strong evolution of the mass fraction of voids and knots found in IllustrisTNG is also in agreement with the evolution reported in Zhu & Feng (2017) . Given these considerations, we conclude that our fiducial method based on the deformation tensor computed from the density field smoothed with a Gaussian kernel of radius RG = 4 Mpc/h is adequate to characterise the large scale distribution of matter in the Cosmic Web and that our implementation performs similarly to implementations discussed in previous literature.
Finally, the limited size of TNG100 may in principle influence our results on the mass fraction of cosmic structures. In Appendix B we show a comparison of the mass fractions of each cosmic structure in TNG100 and TNG300. The latter uses the Illus-trisTNG model but follows cosmic structure formation in a volume ∼ 20 times larger than TNG100. Our tests show that the mass fraction of associated to each cosmic structure is well converged when the box size is increased (Appendix B).
Dark Matter + Baryons Mass and Volume Fractions of Cosmic Structures
Redshift z = 0 Figure 4 shows 2-d histograms of the mass fraction of baryons with respect to the total baryonic mass in the density-temperature plane. We make a separate plot for the phase diagram baryons residing in knots, filaments, sheets and voids, respectively. We find significant differences between the phase diagrams of baryons residing in different cosmic structures. At redshift z = 0 knots and filaments contain almost all warm-hot (10 5 K < T < 10 7 K) and hot gas (T > 10 7 K) in the universe as a result of shock heating. The hot phase is almost completely absent in sheets and voids. Filaments, sheets and voids contain ∼ 90% of all the diffuse phase of the IGM (nH < 10 −4 cm −3 and T < 10 5 K). At redshift z = 1 we see a similar trend moving from knots to voids, but the warm-hot and hot phases are less prominent in all regions of the Cosmic Web. At redshift z = 4 the hot phase is only present in knots and constitutes only ∼ 3.6 × 10 −3 % of the gas in the universe. More than 60% of the gas in the universe at redshift z = 4 is cool (T < 10 5 K).
Baryonic Phase Diagram in Different Cosmic Structures

Probability Density Function of Baryonic Phases
We investigate on the physical state of baryons in the Cosmic Web by computing probability density functions (PDFs) of the hydrogen number density in knots, filaments, sheets and voids and in different temperature ranges. Figure 5 shows the PDFs at redshift z = 0 for gas in the temperature ranges T < 10 5 K (cool), 10 5 K T < 10 7 K (warm-hot), T 10 7 K (hot), respectively.
The left panels in Figure 5 show the density PDF of cool gas (T < 10 5 K) at redshifts z = 0. In the simulation, Star-forming Gas lies on a polytropic equation of state, but real star-forming gas is cold. For this reason, we add the Star-forming gas in the simulation to the histogram of the cool gas. We find a bi-modal distribution as a function of density. The low density bump of the PDF is associated with the Diffuse IGM, whereas the high density peak is associated with the Halo Gas and Star-forming Gas. It is clear from this figure that filaments and knots tend to host much larger fractions of cool, dense gas than sheets and voids.
The middle panels of Figure 5 show the density PDF of warmhot gas (10 5 K T < 10 7 K) at redshift z = 0. At nH < 10 −4 cm −3 (WHIM) the PDF exhibits mild variations among different cosmic structures. However, at higher densities (WCGM) the differences of the PDF among different cosmic structures become negligible. At density nH > 0.13 cm −3 the PDF declines because almost all the gas at those densities is star-forming.
The right panels of Figure 5 show the density PDF of hot gas T 10 7 K. The PDF of hot gas is relatively flat in sheets and voids, whereas it is strongly peaked in filaments and knots. Interestingly, the low density tail of the hot gas is very prominent in sheets, but it becomes progressively smaller in filaments and knots, respectively. Voids show a lack of hot gas at density nH < 10 −6 cm −3 . The PDF Figure 3 . Evolution of the total (dark matter + baryonic) mass fraction of different cosmic structures with respect to the total dark matter and baryonic mass in the simulated volume from redshift z = 8 to redshift z = 0. Two methods for the Cosmic Web classification are compared: (I) our fiducial method based on the deformation tensor (Forero-Romero et al. 2009 ; solid lines), and (II) a method which uses local dark matter density cuts (Haider et al. 2016; dashed lines) . Left: the deformation tensor method uses a density field smoothed using a Gaussian kernel of radius R G = 2 cMpc/h. Right: the deformation tensor method uses a density field smoothed using a Gaussian kernel of radius R G = 4 cMpc/h. Differences between the two classification methods are maximal at redshift z > 4 because the density at these redshift is ρ dm ∼ Ωmρ crit > 0.1ρ crit and density fluctuations are small, so the local density cut method will assign most regions in the volume to filaments+sheets or knots. At redshift z < 4 the two methods produce similar trends in the mass fraction, but different exact values. This is a consequence of density field smoothing. The method based on density cuts only smoothes the density field over an SPH kernel, whereas the deformation tensor method uses smoothing on much larger scales. As a consequence, the difference between the two methods is minimised by decreasing the smoothing length of the density field used in the deformation tensor method. of the hot phase is the one that is most influenced by the location in the Cosmic Web. Since the hot gas is largely produced via shock heating, our findings may motivate future study of the efficiency of this mechanism in different regions of the Cosmic Web.
Joint Analysis of Cosmic Web Classification and Baryonic Phases
More quantitative statements about the state of baryons can be made by measuring the mass/volume fractions associated with each baryonic phase defined in Subsection 2.3 in each region of the Cosmic Web. We show histograms of these quantities in knot, filaments, sheets and voids at redshift z = 0 in Figure 6 . The mass of Star-forming Gas and Halo Gas peaks in filaments and is a factor ∼ 2.6 lower in knots. However, the mass of all gas is only ∼ 1.3 times larger in filaments than in knots, meaning that the difference seen in the Star-forming and Halo gas phases cannot only be attributed to the fact that filaments host more gas. Filaments host more Halo Gas and Star-forming Gas than knots both in absolute and relative terms. The fraction of WCGM peaks in knots and filaments, but is > 10 times smaller in sheets and voids. HM is mostly found in knots where gas can be successfully shock heated. Figure 6 shows that the WHIM in filaments dominates the mass budget, followed by Diffuse IGM in sheets. The observationally elusive WHIM is present in large fractions in filaments and knots, ∼ 27% and ∼ 17% of the total gas mass, respectively. However, despite the fact that the WHIM hosts more mass than the Diffuse IGM, the former's volume fraction is only ∼ 13%, compared to ∼ 87% for the latter. The WHIM is intrinsically faint and the fact that it occupies a relatively small volume fraction also implies that the probability for quasar sight-lines to intersect WHIM filaments is lower than the probability of intersecting the Diffuse IGM.
In Figure 7 we show the evolution of the mass fractions of WHIM, Diffuse IGM, WCGM, HM and Halo Gas + Star-forming Gas from redshift z = 8 to z = 0. Each panel shows the fraction associated with a different region of the Cosmic Web (knots, filaments, sheets, voids). The mass fraction of the HM is 20 − 100 times smaller than that of WHIM and Diffuse IGM in filaments, sheets and voids at all redshift. However, the abundance of HM is comparable to that of the WHIM in knots at redshift z ∼ 0, a consequence of the high efficiency of shock heating in these structures. In all regions, the mass fraction of Diffuse IGM declines steadily from high to low redshift. At redshift z = 0, the mass fraction of WHIM is ∼ 17%, 27%, 3% of the total gas mass in the universe in knots, filaments and sheets, respectively. In these cosmic structures the WHIM mass fraction increases by more than a factor of 10 from redshift z = 4 to redshift z = 0. In voids, the WHIM mass fraction is < 10 −3 at all epochs and it evolves weakly as a function of redshift. At redshift 1 < z < 2 the mass fraction of WCGM peaks, then decreases again. Interestingly, the WCGM fraction becomes comparable to that of the WHIM at z > 1, which indicates that shock heating of dense gas is efficient at high redshift.
The mass fraction of the condensed phases (Halo and Star-forming Gas) constitutes almost all the gas budget in all structures at redshift z = 8, but it steadily declines from high to low redshift. At redshift z < 1 the condensed phases become sub-dominant with respect to the WHIM and Diffuse IGM in all regions of the Cosmic Web.
From Figure 7 it is evident that the mass of the Diffuse IGM dominates over that of the WHIM in sheets and voids at all times. However, in filaments and knots, the WHIM becomes the dominant contribution to the cosmic baryon budget at z < 1. Since the WHIM is expected to represent the bulk of the missing baryons, it is extremely important to devise future observational campaigns and analysis techniques that are sensitive to signals coming from the shock heated gas in filaments and knots.
Morphology of Baryonic Filaments
In the previous Subsections we established that most of the baryonic mass in the universe at redshift z = 0 is in filaments and that they mostly contain a mixture of WHIM and Diffuse IGM. It is not guaranteed for these two gas phases to be contiguous, especially because the WHIM is expected to be IGM shock heated by accretion onto cosmic structures and by feedback processes. We also showed that the WHIM only occupies a small fraction of the volume compared to the Diffuse IGM. In this Subsection we study the morphology of cosmic filaments. Figure 5 . Density PDF as a function of the location in the Cosmic Web at redshifts z = 0. Left panels: cool gas at temperature T < 10 5 K; since real star-forming gas is cold, the Star-forming Gas in the simulation has been added to this histogram, even if it formally lies on a polytropic equation of state. Middle panels: warm-hot gas at temperature 10 5 K T < 10 7 K. Right panels: hot gas at temperature T 10 7 K. The density PDF demonstrates the existence of multiple baryonic phases and is significantly environment-dependent for the cool and hot gas. Figure 6 . Histograms of the mass and volume fractions of all gaseous baryonic phases in different regions of the Cosmic Web at redshifts z = 0. Left: mass fractions with respect to the total gas mass budget. Right: volume fractions with respect to the total volume. WHIM and Diffuse IGM dominate the mass and volume baryon budget in the universe. The former dominates in filaments and knots, whereas the latter dominates in sheets and voids. Figure 8 shows the projected density of gas in a thin slice containing a filament that extends for more than 30 cMpc/h at redshift z = 0. The same comoving region is also shown at redshifts z = 1 and 4. The left slices represent the contribution from all baryons. The middle panels show the contribution from the Diffuse IGM.
The right panels show the contribution from the WHIM. Comparison between the different density maps highlights how the Diffuse IGM is ubiquitous in the Cosmic Web outside of halos (filaments, sheets, voids). The WHIM is much more confined and is generally found near filaments and around knots, regions where shock heat- The evolution of the total gas fraction with respect to the total baryon mass in the universe is shown for for each structure as a black solid line. Panels from left to right: knots, filaments, sheets, voids. The Diffuse IGM and the WHIM dominate the mass budget in all structures at redshift z = 0. The WHIM is the dominant phase in knots and filaments at z = 0, but it declines at redshift z > 1, to be replaced by the Diffuse IGM and the WCGM. The mass fraction of the condensed phase constituted by the Halo Gas and Star-forming Gas is large in all structures at redshift z > 2, but it steadily declines to become sub-dominant with respect to the other gas phases at redshift z < 1.
ing is more efficiently achieved. These conclusions apply both at redshifts z = 0, 1 and somewhat more weakly at redshift z = 4, where the WHIM appears to be sparse and where its mass fraction is small (see previous Subsections).
Metal Enrichment of Extragalactic Baryons
In this Subsection, we analyse the mean metallicity of the four dominant extragalactic baryonic phases (WHIM, Diffuse IGM, WCGM and HM) in different regions of the Cosmic Web. We choose the mean metallicity as a probe of metal enrichment and its efficiency and give a qualitative interpretation of the results. Figure 9 shows the redshift evolution of the mean metallicity of each baryonic phase in each cosmic structure class.
The metallicity of the HM is the highest among the different phases considered in Figure 9 and it evolves very weakly at redshift z 2 in knots and filaments. In regions where the HM is less abundant (sheets and voids; see previous Subsections) the metallicity decreases from high to low redshift as an effect of dilution with newly shock heated lower metallicity gas. In general, wherever this phase exists, it is already metal enriched at high redshift. This result is in agreement with the completely independent analysis of IllustrisTNG performed by Gupta et al. (2018) , who also found evidence for early metal enrichment in the progenitors of galaxy cluster galaxies at high redshift.
The metallicity of the WHIM grows monotonically from redshift z = 4 to redshift z = 0 in filaments, sheets and voids, but it plateaus at z 2 in knots. In filaments and knots at redshift z = 0 the WHIM is almost as metal rich as the HM.
The evolution of the metallicity of WCGM is similar to that of the WHIM, but is higher by a factor ∼ 3 − 5. This effect is a consequence of its proximity to regions influenced by metal enriched galactic winds .
The metallicity of the Diffuse IGM increases monotonically from redshift z = 8 to z = 0 in all structures. This phase is significantly more metal poor than the WHIM. Metal enrichment of the Diffuse IGM is found to be more prominent near knots and filaments.
Finally, the mean metallicities of the Halo Gas and Starforming Gas show very similar trends with redshift in all cosmic structures. Interestingly, the mean metallicity of the Star-forming Gas is higher than that of the Halo Gas at all times. This can be interpreted as evidence that on average stars form in regions where gas has been locally enriched by stellar feedback events. Torrey et al. (2017) independently analysed the gas metallicity in IllustrisTNG. In their analysis, they defined a warm-hot component with temperature 10 5 K T 10 7 K (equivalent to our definition of WHIM + WCGM) and a hot phase with temperature T > 10 7 K (equivalent to our definition of HM). They concluded that the metal mass in the warm-hot phase at redshift z = 0 is ∼ 4.3 times larger than the metal mass in the hot phase. Using the values measured in our analysis, the ratio between metal masses measured by Torrey et al. (2017) can be written as: 
where MZ,i, Zi and fi,M are the metal mass, the mass fraction and the mean metallicity of the i-th phase, respectively. Reassuringly, we find a value in excellent agreement with that found by Torrey et al. (2017) despite the use of significantly different postprocessing techniques.
DISCUSSION
We compare our work to previous computational work and discuss the observational implications of our results.
Comparison to Previous Computational Work
Over the last 20 years significant efforts have been spent by the computational cosmology community to characterise the large scale distribution of baryons. We compare to papers that focused explicitly on the cosmic baryon budget. The seminal papers by Cen & Ostriker (1999) and Davé et al. (1999) used cosmological hydrodynamical simulations to measure the mass and volume fractions of baryons in different phases identified by density and temperature cuts in the phase diagram. Despite Figure 8 . Projected number density of a filament in a slice of dimensions 25 × 25 × 8 cMpc 3 /h 3 at redshifts z = 0, 1, and 4. Left panel: all baryons. Centre: Diffuse IGM. Right: WHIM. By visual inspection we see that the Diffuse IGM is ubiquitous, whereas the WHIM is concentrated near knots and filaments. This result is in agreement with our quantitative measurement of the volume fractions of WHIM and Diffuse IGM (Table 1, Figure 6 ). the limited number of resolution elements and the simple models for galactic feedback, these simulations offer a clear qualitative picture of the baryon budget at low redshift, dominated by the diffuse IGM and the WHIM. Davé et al. (2001) consolidated these results by performing simulations with spatial resolution ∼ 1 − 200 kpc/h with a variety of numerical methods. Cen & Ostriker (2006) significantly improved the previous results by performing cosmological hydrodynamical simulations with spatial resolution ∼ 30 kpc/h and significantly improved models for galactic winds. That paper focuses on the effects of galactic super-winds, concluding that their inclusion increases the abundance of WHIM by ∼ 25% with respect to simulations that do not include them. We find that IllustrisTNG predicts a scenario in qualitative agreement with this work, with the exception of a few minor differences: at redshift z < 1 IllustrisTNG predicts slightly lower Diffuse IGM mass fraction and slightly higher hot gas fraction as compared to Cen & Ostriker (2006) . This small discrepancy is probably related to the introduction of models for active galactic nuclei feedback, which was not included explicitly by Cen & Ostriker (2006) , and which is responsible for heating gas in massive halos to high temperatures. Furthermore, our analysis allowed us to capture environment-dependent features in the density PDF and metallicity distribution (Subsections 3.3 and 3.6) that were not captured by the analysis performed by Cen & Ostriker (2006) which was performed by placing simple density and temperature cuts in the baryonic matter phase diagram. Figure 9 . Mean gas metallicity as a function of redshift for knots, filaments, sheets and voids. The red line represents the WHIM, the gray line the Diffuse IGM, the cyan line the WCGM, the magenta line the HM, the blue line the Halo Gas and the black line the Star-forming Gas. The WHIM is more metal rich than the Diffuse IGM. The HM is metal enriched already at redshift z = 4 and has the highest mean metallicity among all the components at redshift z 4. The metallicity of HM in this plot drops sharply at redshift z > 6 because hardly any HM has formed at this redshift (Figure 7) . The Halo Gas and Star-forming Gas have similar degree of metal enrichment and trend with redshift in all regions of the Cosmic Web. Star-forming Gas is more metal rich than the average Halo Gas at all reshifts and in all cosmic structures. Cen & Ostriker (2006) and Davé & Oppenheimer (2007) analysed the details of the metallicity of baryons in the universe, with comparable results. In particular, Davé & Oppenheimer (2007) identified the evolution of the mean metallicity of several baryonic phases at redshift 0 z 6. We find general agreement with their predictions, even if the effect of environment was not considered in these papers. Our analysis extends their work by demonstrating that the metallicity distribution of cool (T < 10 5 K) and hot (T > 10 7 K) gas depends on the location in the Cosmic Web, whereas the warm-hot phase (10 5 K < T < 10 7 K) has a metallicity that is nearly independent on the environment. Subsequent numerical work with increasingly better resolution and physical modeling of galaxy formation processes has been performed over the years, with more robust results which confirmed and updated the scenario developed in previous work, in particular with respect to the high abundance of WHIM in the universe at redshift z < 1 (Davé et al. 2010; Tornatore et al. 2010; Smith et al. 2011; Snedden et al. 2016) .
For our purposes, the most relevant comparison is perhaps the one to the work of Haider et al. (2016) , who used the first generation Illustris simulation to study the state of baryons in the Cosmic Web. Given the multiple differences with respect to the analysis of Illustris performed by Haider et al. (2016) , we here make a more direct comparison by re-analysing the original Illustris simulation with our pipeline. Figure 10 shows the phase diagram of gas in Illustris and IllustrisTNG at redshift z = 0. Several differences between the two simulations can be gauged by eye in this plot. In particular, Illustris exhibits (I) a different abundance of the Diffuse IGM tail, (II) a larger abundance of warm-hot and hot gas than Il-lustrisTNG. By performing a quantitative comparison, we find that the mass fraction of hot gas in Illustris is only ∼ 5% larger than in IllustrisTNG. However, the mass in the WHIM in Illustris is ∼ 23% larger than in IllustrisTNG. Finally, the mass fraction of the Diffuse IGM is ∼ 42% lower in Illustris than in IllustrisTNG. These results indicate that baryons in the IGM in are heated to warm-hot temperatures more efficiently in Illustris than in IllustrisTNG.
The original Illustris simulation had particularly strong active galactic nucleus feedback, that was also responsible for heating and ejecting large amounts of baryons from massive galaxy clus-ters, producing cluster baryon fractions lower than in observations . The improvements in the feedback schemes introduced in IllustrisTNG significantly alleviated this problem (Weinberger et al. 2018; Pillepich et al. 2018a) . As a result, extragalactic gas in IllustrisTNG is heated less efficiently by feedback processes than in the original Illustris. For this reason, we attribute the differences in the Diffuse IGM and WHIM mass fraction between Illustris and IllustrisTNG to the different efficiency of black hole feedback. These results may indicate that high-temperature and/or x-ray probes of hot gas in-and-around galaxies may give important insight into the nature of active galactic nucleus feedback. Pillepich et al. (2018a) compared the outcomes of the Illustris and IllustrisTNG models to a broad range of observations (galaxy mass function, star formation density, gas fractions in dark matter halos), concluding that IllustrisTNG provides a better match to observational data. This comparison highlights how the improvements in the feedback models introduced in IllustrisTNG were crucial to produce a more realistic simulated galaxy population and gas distribution. For these reasons, we believe IllustrisTNG provides more reliable predictions for these baryonic phases.
Observational Implications for the Hunt for the WHIM
Roughly half of the baryons at redshift z < 1 have not been explicitly detected (Fukugita et al. 1998; Fukugita 2004; Bregman 2007) and for more than a decade cosmological simulations have been suggesting that they may be found in the WHIM. For this reason, significant effort has been spent in developing methods to measure the abundance of intergalactic baryons with alternative techniques.
One of the most widely used techniques to identify intergalactic baryons is to look for absorption lines in the spectra of background sources like quasars. Looking for absorption lines from specific ions allows one to probe intergalactic plasma in different phases and characterise its properties. Over the years, significant success has been achieved in the detection of hydrogen and metal absorbers along quasar lines of sight. The column density of neutral hydrogen in these absorbers can be constrained by looking for Ly-α absorption features, whereas warmer diffuse gas can be traced with OVI UV absorption (Stevans et al. 2014 ; Som et al. Nelson et al. (2018a) showed similar plots for the oxygen ions from the IllustrisTNG simulations, but did not include information about the location in the Cosmic Web. Column densities on the x-axis are computed only considering gas in each class of cosmic structures, therefore the CCDFs are not additive. Column densities are computed by integrating over the whole depth of the simulation, so they are only upper limits to the actual column densities from multiple absorbers; for this reason the CDDFs should only be used to appreciate differences between absorbers in different regions of the Cosmic Web. Two WHIM OVII absorbers at redshift z ∼ 0.3 − 0.4 have been detected for the first time by Nicastro et al. (2018) ; their data are reported in the left panel. NeIX absorbers are currently not detected in the IGM, but we predict that they may be found in filaments and sheets, with a significant contribution in knots only at high column densities. 2015; Neeleman et al. 2016; Danforth et al. 2016) . Attempts have been made to probe the WHIM using X-ray spectroscopy aimed at detecting absorption lines from oxygen's higher ionization states OVII and OVIII, but results have been largely inconclusive (Phillips et al. 2001; Yoshikawa et al. 2003; Viel et al. 2005; Branchini et al. 2009; Takei et al. 2011; Kaastra et al. 2013 ). However, Nicastro et al. (2018) recently reported the detection of two OVII absorbers at redshift z ∼ 0.3 − 0.4 which were found to be consistent with WHIM absorber after ionization modeling. With the advent of the next generation X-ray telescopes like ATHENA, it will be possible to better detect WHIM absorbers from highly ionized species (e.g. oxygen, neon). Nelson et al. (2018a) analysed in great detail the spatial distribution and statistics of ionized oxygen (OVI, OVII, OVIII). Here, we focus only on OVII and NeIX that trace the WHIM. We use the ion densities estimated with the method of Subsection 2.4 to compute the column density distribution function (CDDF) of OVII and NeIX absorbers at redshift z = 0.2. The 512 3 cubic grids containing 3-d ion densities from Subsection 2.4 are used to compute column densities. For three faces of the cube orthogonal to the x, y and z axes, respectively, we compute 512 2 column densities by integrating each 3-d ion density along the axis orthogonal to the face. As a result, we obtain 3 × 512 2 total columns for each ion. Notice that we do not separate multiple absorbers along the same column in velocity space as in Nelson et al. (2018a) , so the measured column densities are only upper limits if a specific line of sight intersects more than one absorber. Since the 3-d cubic ion density grids have the same spacing as those used for the Cosmic Web classification, we can also integrate along each line of sight by selectively including only the gas from a specific type of cosmic structure. Following this approach, for each line of sight we also compute column densities obtained by only including gas in knots, filaments, sheets and voids, respectively. After the column densities have been computed, we compute the CDDFs following Nelson et al. (2018a) . Notice that for each ion the CDDFs of gas from different regions of the Cosmic Web do not add up to give the total CDDF, because only column densities can be added, but not their distributions. Our CDDFs should not be used for detailed comparison to data, because of the simplified approach used to compute column densities, but they can be used to better understand the individual contributions from different cosmic structures. The results of this analysis are shown in Figure 11 . Figure 11 shows the abundance of OVII and NeIX, which can in principle be detected with future X-ray instruments. OVII is mainly found in filaments and sheets, with a significant contribution in knots at NOVII > 10 15 cm −2 . We compare the results from IllustrisTNG to the recent measurements of OVII absorbers in quasar spectra at redshift z ∼ 0.3 − 0.4 from Nicastro et al. (2018) . In their paper, these authors do not report the CDDF but the cumulative distribution of OVII absorbers per unit redshift with equivalent width larger than EW, dnOVII(> EW)/dz. To convert this information to the points with error bars shown in Figure 11 , we made a number of assumptions. First of all, we use the absorber oxygen column densities NO, the OVII ionization fraction fOVII inferred by Nicastro et al. (2018) via ionization modeling and quoted in their text. The OVII column densities are then calculated as NOVII = fOVIINO. Since we expect the CDDF to quickly decline at NOVII > 10 16 cm −3 , the cumulative number of absorbers of Nicastro et al. (2018) is approximately equal to the differential number count in a logarithmic column density bin near the column density of the absorbers. Under this assumption, the OVII CDDF from Nicastro et al. (2018) is estimated as:
where the logarithmic bin is chosen to be ∆ log NOVII = 1. Taking into account the approximate conversion performed on the observational data, we conclude that the total OVII CDDF from Illus-trisTNG compares well to the data from Nicastro et al. (2018) . Figure 11 shows that NeIX absorbers have column densities smaller than OVII, NNeIX < 10 16 cm −2 and can be found in similar ratios in knots and filaments. Notice that the CDDFs of OVII and NeIX in each type of cosmic structure have different shapes, implying that the two ions trace the Cosmic Web differently. In particular, the OVII CDDF in filaments is larger than the OVII CDDF in other structures at all column densities, whereas the NeIX CDDF in filaments is lower than the NeIX CDDF in knots at NNeIX > 10 14.5 cm −2 . We will explore the implications in more detail in future work.
SUMMARY AND CONCLUSIONS
In this paper we performed a joint analysis of the phase of baryons in different classes of structures in the Cosmic Web. The analysis was performed on the TNG100 cosmological, hydrodynamical simulations which follows the evolution of dark matter and baryons in large cosmological volumes. We developed a classification scheme based on the deformation tensor (Hahn et al. 2007; Forero-Romero et al. 2009 ) which reliably identifies knots, filaments, sheets and voids in the Cosmic Web. We characterised the state of baryons in different phases in each class of cosmic structure. Our work is a significant update and generalization of previous analysis that did not take Cosmic Web classification into account (Cen & Ostriker 1999; Davé et al. 1999; Cen et al. 2001; Davé et al. 2001; Kang et al. 2005; Cen & Ostriker 2006; Davé & Oppenheimer 2007; Davé et al. 2010; Tornatore et al. 2010; Smith et al. 2011; Gheller et al. 2016) .
The smallest contribution to the total baryon budget comes from the Halo Gas and Star-forming Gas inside and in proximity of galaxies. Interestingly, we find that filaments host more Halo Gas and Star-forming Gas than knots, and they also have a higher relative mass fraction of gas in these phases than the other cosmic structures. However, since the Halo Gas and the Star-forming Gas are highly condensed and our analysis focused on the large scale gas distribution, our quantitative results for these phases may be susceptible to the choice of the size of Gaussian kernel used to smooth the density field and classify the Cosmic Web.
Our results confirm the previous findings that the cosmic baryon budget at redshift z 1 is largely dominated by the IGM, in particular its cool phase (T < 10 5 K) and warm-hot phase (WHIM, 10 5 K < T < 10 7 K). We demonstrate that the former is much more volume filling than the latter. The WHIM is shock-heated material that mostly resides in filaments and knots and constitutes ∼ 50% of all the baryons in the universe at z = 0, but it becomes sub-dominant with respect to cooler IGM at z > 1.
The warm-hot dense gas (10 5 K < T < 10 7 K, nH > 10 −4 cm −3 ) represents only a few % of all the baryons, it is found mostly in filaments and knots, and it is significantly less metal enriched than the WHIM, which is probably related to the fact that the WHIM might contain larger reservoirs of metal enriched material from galactic winds. This hypothesis needs to be tested with a more detailed analysis.
We found that most of the hot gas (T > 10 7 K, ∼ 7.5% of all the gaseous baryons) in the low redshift universe is found in the knots of the Cosmic Web and that this phase becomes highly subdominant at high redshift, where large halos that can shock-heat the baryons to temperatures T > 10 7 K are rare. Nonetheless, small amounts of hot gas are available in the knots of the Cosmic Web at redshift z = 4 where we also found evidence for early metal enrichment. The hot gas is the component whose density distribution varies the most between knots, filaments, sheets and voids, a feature that may be related to the abundance of massive galaxy clusters and their hot ICM in these structures, and to the presence of active galactic nuclei that can also heat significant amounts gas.
Finally, we examined the distribution of column densities of OVII and NeIX which trace the WHIM. OVII column density distributions in IllustrisTNG were already analysed by Nelson et al. (2018b) , but we performed a complementary analysis by including information on the location of absorbers in the Cosmic Web. Intergalactic OVII is typically found in filaments. NeIX can be observed in knots and filaments in similar ratios. This prediction is particularly relevant to design observational campaigns to detect OVII and NeIX which trace the WHIM and should be detectable via X-ray absorption spectroscopy with future instruments like the ATHENA X-ray Observatory.
Our results motivate future research in multiple directions. First of all, our work constitutes a significant update of the theoretical picture that motivates the search for the missing baryons in the low redshift universe. In future papers, we will focus on designing new techniques to measure and characterise the baryons in cosmic filaments and therefore directly detect half of the baryons in the low redshift universe (the WHIM), an effort that has only recently started to give its fruits (Gallego et al. 2018; de Graaff et al. 2017) . Finally, our work can be extended to include galaxies and their properties as they relate to the Cosmic Web (see e.g. Kraljic et al. 2018 ). In fact, galaxies and feedback processes triggered within them are expected to significantly influence the properties of baryons in their environment, in particular their metallicities. Analysis of the metal enrichment process in conjunction with the properties of galaxies and their location in the Cosmic Web will provide a significantly updated theoretical picture of cosmic structure evolution, and it is within reach with the tools we developed for the present work. smoothing, given their usually sharp boundaries in 3-d space. The mass and volume fractions of different classes of structures did not vary significantly when we changed the smoothing length from 2 to 4 cMpc/h, therefore, we took RG = 4 cMpc/h as our fiducial choice.
APPENDIX B: MASS FRACTIONS OF COSMIC STRUCTURES IN TNG100 VS. TNG300
We compared the TNG100 and TNG300 simulations which use the same model for galaxy formation and feedback, but have different resolution and box size. The box volume of TNG300 is ∼ 20 times larger than that of TNG100. The spatial and mass resolution of TNG100 are a factor 2 and 8 better than TNG300, respectively. Figure B1 . Comparison of the mass fractions associated to regions with different local dark matter density in TNG100 (solid lines) vs. TNG300 (dashed lines).
In principle, the results of the Cosmic Web classification of the two simulations could differ due to (I) the different resolution which influences sampling small density fluctuations during the early evolution of the universe, and (II) the different box size which influence how many structures of each type are sampled. Comparison of the mass fraction associated to each cosmic structure in the two runs allows us to asses the robustness of our fiducial results from TNG100. Here we use a method based on the kernel-smoothed local dark matter density described in Subsection 3.1, This method is slightly less sophisticated than our fiducial classification method based on the deformation tensor, but is accurate enough to quantify the effect of box size on the properties of the Cosmic Web. The result of the comparison is shown in Figure B1 . We found that the mass fractions at redshift z < 4 do not differ significantly between the two runs. We concluded that the volume of TNG100 is sufficiently large to be used as the fiducial simulation to perform our study.
